Introduction
============

Chronic myeloid leukemia (CML) is caused by a reciprocal translocation in a hematopoietic stem cell between chromosomes 9 and 22, resulting in the *bcr-abl1* fusion gene. The *bcr-abl1* fusion gene encodes a constitutively active tyrosine kinase. Currently, the tyrosine kinase inhibitors (TKIs) imatinib, dasatinib, and nilotinib are commonly used as the first line treatment for chronic phase (CP)-CML treatment ([@b1-ol-0-0-7720]--[@b3-ol-0-0-7720]). Each TKI can affect multiple kinases with different activities ([@b4-ol-0-0-7720]). These TKIs induce a high rate of deep molecular response, and approximately half of CP-CML patients who cease TKI therapy can achieve treatment-free remission (TFR) ([@b5-ol-0-0-7720]--[@b7-ol-0-0-7720]). The lack of relapse in such patients may be brought about by immunological control of CML. The effectiveness of allogeneic donor lymphocyte infusion in relapsed CML patients after allogeneic hematopoietic stem cell transplantation suggests that lymphocytes can produce an anti-CML effect ([@b8-ol-0-0-7720]). An increased number of lymphocytes has been found in patients treated with dasatinib, and these lymphocytes were reported to be natural killer (NK) cells and cytotoxic T lymphocytes (CTLs) ([@b9-ol-0-0-7720],[@b10-ol-0-0-7720]). However, no detailed analysis on cellular immunity in CP-CML patients who cease TKI therapy has been performed. Here, we report a case of long-lasting memory of cellular immunity against CML.

Materials and methods
=====================

### bcr-abl1 expression analyses

*mRNA* extracted from bone marrow aspirates or peripheral blood samples was subjected to *bcr-abl1* expression analyses. Quantitative analyses of *major bcr-abl1 mRNA* were performed using *mRNA* extracted from bone marrow aspirates or peripheral blood samples until June 2015, and the International Scale (IS) method of *major bcr-abl1 mRNA* analyses using peripheral blood samples has been applied since July 2015 ([@b11-ol-0-0-7720]). All analyses were performed by the SRL Corporation (Tokyo, Japan). We defined molecular response (MR) 3 as ≤0.1%, MR4 as ≤0.01%, and MR5 as ≤0.001% of *major bcr-abl1* expression, respectively.

### Cellular immunity analyses

Cellular immunity analyses were conducted using flow cytometry. Antibodies for assays of NK cells and CTLs were purchased from DACO Japan (Tokyo, Japan). IOTest Beta Mark T cell receptor (TCR) Vβ (Vb) repertoire kit (Beckman Coulter, Tokyo, Japan) was used for *TCR Vb* gene repertoire assays in CD8^+^ T cells. We performed flow cytometric analyses according to the manufacturers\' instructions.

### Informed consent

Informed consent was obtained from the patient\'s son in Case 1, because the patient\'s consent could not be obtained due to dementia. Informed consent was obtained from the patients described in Cases 2 and 3.

Case reports
============

### Case 1

A 75-year-old woman was diagnosed with CP-CML, and 400 mg/day of imatinib, the first generation TKI, was started in January 2008. The results of gene expression analyses using *mRNA* extracted from bone marrow aspirates in April 2009 and February 2011 revealed absence of *bcr-abl1*, indicating MR5. Fifty milligrams of dasatinib, a second generation TKI, was administered instead of imatinib starting in May 2011 due to cramping in the calf that was thought to be an adverse effect of imatinib. Absence of *bcr-abl1* was reconfirmed using *mRNA* extracted from bone marrow aspirates in February 2012 and April 2013. She suffered from subdural hematoma due to a fall in January 2015, and dasatinib was stopped in March 2015. Absence of *bcr-abl1* was reconfirmed using *mRNA* extracted from peripheral blood in July 2017, more than 2.4 years after stopping dasatinib. Interestingly, elevation of lymphocyte count was observed only when the patient was receiving dasatinib ([Fig. 1](#f1-ol-0-0-7720){ref-type="fig"}). Cellular immunity, represented by the NK cell, CTL, and regulatory T (Treg) cell populations, was investigated in July and August 2017. The percentage of NK cells, defined as CD3^−^CD16^+^CD56^+^, was 54.5%. The percentages of effector memory CTLs, defined as CD8^+^CD27^+^CD57^−^, and terminal effector CTLs, defined as CD8^+^CD27^−^CD57^+^, were 14.3 and 24.2%, respectively ([Table I](#tI-ol-0-0-7720){ref-type="table"}). A *TCR Vb* gene repertoire assay showed that *Vb13.1* was the most common gene variant in both effector and memory CD8^+^ T cells ([Fig. 2](#f2-ol-0-0-7720){ref-type="fig"}). The rate of *Vb13.1* in memory CD8^+^ T cells was extremely high (65.1%). The percentages of effector and naïve Treg were 1.1 and 0.9%, respectively, but we could not evaluate the changes in these populations because Tregs were not measured during TKI treatment.

### Case-2 (control patient 1)

A 72-year-old woman was diagnosed with CP-CML, and 600 mg/day of imatinib was started in June 2004. Three months later, imatinib was stopped due to skin rash. Three hundred mg/day of imatinib was started again due to disease progression in July 2008 with no further evidence of skin rash. The dose of imatinib was reduced gradually to 100 mg/day according to the patient\'s will. Absence of *bcr-abl1 mRNA* was confirmed through December 2015. However, the molecular response level decreased from MR5 to MR3 (March 2016) and MR4 (September 2017). The patient\'s clinical course beginning in July 2008 is illustrated in [Fig. 1B](#f1-ol-0-0-7720){ref-type="fig"}.

### Case 3 (control patient 2)

A 50-year-old man was diagnosed with CP-CML, and 600 mg/day of nilotinib, a second generation TKI, was started in August 2011. Three weeks later, the dose of nilotinib was reduced to 400 mg/day due to slight leukocytopenia and the dose was maintained until August 2016. Nilotinib was changed to 300 mg/day of bosutinib, a second generation TKI, due to nilotinib-induced skin rash in August 2016. However, bosutinib was stopped due to bosutinib-induced diarrhea. After that, no TKIs have been administered, according to the patient\'s will. Although absence of *bcr-abl1 mRNA* was confirmed through March 2015, the molecular response levels decreased from MR5 to MR3 (November 2016), and later, the patient had no molecular response (May and September 2017) ([Fig. 1C](#f1-ol-0-0-7720){ref-type="fig"}).

Discussion
==========

TKIs such as imatinib, dasatinib, and nilotinib have made a drastic impact on survival in patients with CP-CML ([@b1-ol-0-0-7720]--[@b3-ol-0-0-7720]). These patients now have life expectancies comparable to patients with lifestyle-related diseases such as hypertension and diabetes mellitus ([@b12-ol-0-0-7720]). However, TKIs cannot completely eliminate CML stem cells, and patients must continue treatment, which can be expensive. Some previous reports regarding cessation of TKIs showed that approximately half of patients could safely stop treatment under stringent treatment conditions ([@b5-ol-0-0-7720]--[@b7-ol-0-0-7720]); however, the parameters for safely stopping TKI treatment are still unclear. In contrast, patients who obtained TFR after interferon alpha treatment showed upregulation of cellular immunity, including CD8^+^ T cells and NK cells ([@b13-ol-0-0-7720]--[@b15-ol-0-0-7720]). Furthermore, allogeneic donor lymphocyte infusion has been reported to be effective in relapsed CML patients ([@b8-ol-0-0-7720]). These data suggest that upregulation of cellular immunity is critical to eliminate CML stem cells and obtain TFR. All three TKIs (imatinib, dasatinib, and nilotinib) can inhibit not only BCR-ABL but also other tyrosine kinases, such as KIT, PDGFR, and SRC ([@b4-ol-0-0-7720]). However, the increase in large granular lymphocytes (LGLs) has only been reported in patients treated with dasatinib ([@b16-ol-0-0-7720]). Activation of NK cells and CTLs also was observed in those patients ([@b9-ol-0-0-7720],[@b10-ol-0-0-7720]). By contrast, clonal expansion of *TCR Vb* genes in patients who receive multiple TKI therapies has been reported using polymerase chain reaction (PCR)-based clonality testing (44% in dasatinib-treated patients, 46% in imatinib-treated patients, and 33% in nolitinib-treated patients) ([@b17-ol-0-0-7720]).

Cessation of dasatinib treatments induces a rapid decline in the LGL counts, almost to the baseline levels ([@b18-ol-0-0-7720]). Similarly, in Case 1, we observed an elevation of lymphocytes immediately after changing to dasatinib treatment, and a decrease in lymphocyte levels was observed soon after cessation of dasatinib treatment ([Fig. 1A](#f1-ol-0-0-7720){ref-type="fig"}), while there was no obvious elevation of lymphocytes observed in Cases 2 and 3 ([Fig. 1B and C](#f1-ol-0-0-7720){ref-type="fig"}). The immunological analyses of Case 1 showed not only maintenance of memory and effector CTL activation and NK cells, but also TCR clonality more than 2.4 years from cessation of dasatinib, despite the absence of lymphocyte elevation ([Figs. 1A](#f1-ol-0-0-7720){ref-type="fig"} and [2](#f2-ol-0-0-7720){ref-type="fig"}, [Table I](#tI-ol-0-0-7720){ref-type="table"}). NK cells and CTLs were also analyzed in Cases 2 and 3 ([Table I](#tI-ol-0-0-7720){ref-type="table"} and [Fig. 2](#f2-ol-0-0-7720){ref-type="fig"}); the percentages of NK cells and terminal effector CTLs were higher in Case 1 compared to Case 2 and 3, while there were no differences between effector memory T cells among the three cases ([Table I](#tI-ol-0-0-7720){ref-type="table"}). *TCR Vb* gene analysis revealed that there was marked elevation of *Vb13.1* in memory CD8^+^ T cells in Case 1 (65.1%), but no such elevation of *TCR Vb* genes was observed in the two control patients ([Fig. 2](#f2-ol-0-0-7720){ref-type="fig"}). These data suggest that the maintenance of cellular immunity against CML protected the patient from CML relapse and provided a cure. Although LGLs were not observed in the patients treated with imatinib and nilotinib, TCR clonality was observed in approximately 45% of these patients by PCR-based TCR repertoire analyses ([@b17-ol-0-0-7720]). Both control patients could not retain long-term MR5 status, which may be related to the absence of significant clonality in the TCR repertoire of memory CD8^+^ T cells. These data suggest that the activation of CTLs against CML plays an important role in obtaining TFR in patients treated with TKIs. If this speculation is correct, testing the *TCR Vb* repertoire may be a useful tool to consider whether TKI treatment can be safely stopped under stringent treatment conditions.

In summary, we report a case of MR5 more than 2.4 years after cessation of dasatinib. Maintenance of memory and effector CTLs with TCR clonality as well as NK cells was observed in this case. These data suggest that clonal expansion of CTLs against CML cells may be a meaningful marker for cessation of TKIs.
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![Clinical courses of (A) Case 1, (B) Case 2 (control patient 1), and (C) Case 3 (control patient 2). Blue lines indicate white blood cells (WBC) and dotted brown lines indicate lymphocytes (Lym). Treatment effect was examined by *bcr-abl1* expression analysis using *mRNA* extracted from bone marrow aspirates (Case 1, through June 2015) or peripheral blood samples (Case 1 after June 2015, Cases 2--3). Quantitative analyses of major *bcr-abl1 mRNA* were performed through June 2015, and the International Scale (IS) method of major *bcr-abl1 mRNA* analyses using peripheral blood samples was applied in July 2015. Control patient 2 (panel C; Case 3) has had no molecular response since 2017. *Major bcr-abl1 mRNA* expression levels in March and September 2017 were 1.5004 and 4.5529% by the IS method, respectively. MR, molecular response.](ol-15-03-2935-g00){#f1-ol-0-0-7720}

![Analyses of the T cell receptor (TCR) Vβ (Vb) gene usage of CD8^+^ T cells. Memory CD8^+^ T cells were defined as the CD8^+^CD27^+^CD45RA^−^ population (green cells), and effector CD8^+^ T cells were defined as the CD8^+^CD27^−^CD45RA^+^ population (red cells). Naïve CD8^+^ T cells were defined as CD8^+^CD27^+^CD45RA^+^ (blue cells). Peripheral blood mononuclear cells were analyzed by flow cytometric analysis using IOTest Beta Mark TCR Vb repertoire kit (Beckman Coulter) according to the manufacturer\'s instruction.](ol-15-03-2935-g01){#f2-ol-0-0-7720}

###### 

Percentage of NK cells, effector memory CTLs and terminal effector CTLs in the patient and controls.

  Cell type                    Case 1   Case 2 (control patient 1)   Case 3 (control patient 2)
  ---------------------------- -------- ---------------------------- ----------------------------
  NK cells (%)                 54.5     24.1                         16.6
  Effector memory CTLs (%)     14.3       6.4                        21.8
  Terminal effector CTLs (%)   24.2     11.6                           7.4

NK cells were defined as CD16/CD56 positive, CD3 negative cells. Effector memory CTLs were defined as CD8/CD27 positive, CD57 negative cells. Terminal effector CTLs were defined as CD8/CD57 positive, CD27 negative cells. NK, natural killer; CTL, cytotoxic T lymphocyte.
